Oncolytic viruses (OVs) are attractive avenues of cancer therapy due to the absence of toxic side effects often seen with current treatment modalities. Bovine herpesvirus 1 (BHV-1) is a species-specific virus that does not induce cytotoxicity in normal primary human cells but can infect and kill various human immortalized and transformed cell lines. To gain a better understanding of the oncolytic breadth of BHV-1, the NCI panel of established human tumor cell lines was screened for sensitivity to the virus. Overall, 72% of the panel is permissive to BHV-1 infection, with corresponding decreases in cellular viability. This sensitivity is in comparison to a sensitivity of only 32% for a herpes simplex virus 1 (HSV-1)-based oncolytic vector. Strikingly, while 35% of the panel supports minimal or no BHV-1 replication, significant decreases in cellular viability still occur. These data suggest that BHV-1 is an OV with tropism for multiple tumor types and is able to induce cytotoxicity independent of significant virus replication. In contrast to other species-specific OVs, cellular sensitivity to BHV-1 does not correlate with type I interferon (IFN) signaling; however, mutations in KRAS were found to correlate with high levels of virus replication. The knockdown or overexpression of KRAS in human tumor cell lines yields modest changes in viral titers; however, overexpression of KRAS in normal primary cells elicits permissivity to BHV-1 infection. Together, these data suggest that BHV-1 is a broad-spectrum OV with a distinct mechanism of tumor targeting.
O ncolytic virotherapy (OVT) is based on the observation that viruses, either through genetic engineering or by an inherent mechanism, preferentially replicate in and kill cancer cells while having minimal detrimental effects on normal cells (1) . Oncolytic viruses (OVs) elicit the destruction of cancer cells as a direct result of viral replication and the induction of tumor-specific immune responses (2) . The safety of OVs and their ability to induce antitumor activity in patients have been demonstrated in phase I and II clinical trials (reviewed in reference 3). Wild-type (wt) OVs, such as reovirus, Newcastle disease virus (NDV), vesicular stomatitis virus (VSV), and bovine herpesvirus 1 (BHV-1), do not require mutations to render them oncotropic. Alternatively, OVs that require genetic modification for selective oncolysis include herpes simplex virus 1 (HSV-1) and adenovirus (1) . The collection of gain-or loss-of-function mutations within a tumor type dictates permissivity to OVs. A common aberration in cancer cells involves loss-of-function mutations within the interferon (IFN) signaling pathway (4) .
HSV-1 was the first virus used to show that gene deletion can render a virus oncolytic (5) . The oncolytic HSV-1 vector KM100 (ICP0 n212 VP16 in1814 [6] ) possesses lesions in infected cell protein 0 (ICP0), an immediate early (IE) protein that acts as a transcriptional activator during infection and counteracts host cellular responses to viral infection mediated by IFN (6) (7) (8) . Accordingly, KM100 is unable to infect and replicate in nontransformed, nonimmortalized fibroblasts because it cannot effectively block the IFN-induced antiviral state (9, 10) but effectively replicates in human and murine transformed cells with deficiencies in IFN responsiveness (10) . Moreover, unlike small RNA viruses such as VSV, the ability of HSV-1 OVs to elicit a viral burst and induce cytotoxicity in vitro does not correlate with efficacy in vivo (11) (12) (13) .
BHV-1 is a member of the Herpesviridae family, in the Alphaherpesviridae subfamily. BHV-1 is a species-specific, neurotropic virus that initiates bovine respiratory disease in cattle through transient immunosuppression (14) . It establishes lifelong latency in neurons, with reactivation occurring due to stress (14) (15) (16) . The structure of BHV-1 is similar to that of HSV-1. BHV-1 binds attachment and entry receptors used by HSV-1, such as heparansulfate and nectin-1 (17) . However, it is unable to bind nectin-2 but binds CD155 instead (17) (18) (19) . Genes expressed by BHV-1 are generally named after the coinciding HSV-1 genes, which often have similar functions (8, 20, 21) . While BHV-1 is unable to productively infect normal human cells (14, 22) , human immortalized, transformed, and breast cancer-initiating cells are permissive to infection (22, 23) . Interestingly, the ability of BHV-1 to kill human breast tumor cells and breast cancer-initiating cells is not contingent upon virus replication or the production of a viral burst (23) . Furthermore, in contrast to other species-specific viruses, sensitivity to BHV-1 does not correlate with type I IFN signaling (22) . Thus, the determinants of permissivity for BHV-1 in human cells are unknown.
Ras is a superfamily of plasma membrane-associated proteins whose members, particularly HRAS, KRAS, and NRAS, can be found in almost every human cell type (24, 25) . Ras proteins and their downstream signaling effectors are pleiotropic, with roles in cell growth, migration, adhesion, cytoskeletal integrity, survival, and differentiation (25) (26) (27) . Ras is a GTPase that is active in its GTP-bound form and inactive in its GDP-bound form. In addition, Ras is able to mediate cellular responses to virus infection by mediating the activity of antiviral pathways (28) (29) (30) (31) (32) .
Mutations in Ras, the most common involving constitutive activation through mutation of the GTP binding cleft (33) , are associated with particular tumor types, with approximately 20% of all tumors having an activating Ras mutation (25, 34) . KRAS mutations have been associated with the progression of mammary tumors, acute myelogenous leukemia, lung cancer, and gastrointestinal cancer (24, 35, 36) .
Many cancer cells are resistant to apoptosis due to mutations in the Ras pathway, which functions to inhibit double-stranded RNA (dsRNA)-activated protein kinase R (PKR), an IFN-stimulated gene (ISG) (28) . Viruses that are sensitive to the effects of PKR, such as reovirus, can infect and replicate in cells with a Ras-activating mutation, such as cancer cells, while remaining inhibited in normal cells (37) . Additionally, HSV-1 ICP34.5-null mutants preferentially replicate in cancer cells with Ras gain-of-function mutations (38, 39) .
Here, we report that BHV-1 is able to infect and kill human tumor cell lines from a variety of histological origins and that the oncolytic activity of BHV-1 does not correlate with the extent of virus replication. Of interest, high levels of virus replication were observed in lung, colon, and prostate tumor cell lines, which have been associated with mutations in KRAS. While the knockdown or overexpression of oncogenic KRAS in human tumor cell lines yielded a modest effect, overexpression in normal primary cells conferred permissivity to BHV-1 infection. Together, these data indicate that BHV-1 holds promise as a broad-spectrum oncolytic agent with the ability to infect and kill a wide variety of human tumor cell types, particularly those expressing oncogenic KRAS. These studies also shed light on aspects of the cellular environment within human cells that determine permissivity to this species-specific virus.
MATERIALS AND METHODS
Cell lines. All cell types were maintained at 37°C with 5% CO 2 in medium supplemented with 2 mM L-glutamine. Cell lines with KRAS knockdown or overexpression were maintained in the appropriate medium supplemented with 2 mM penicillin-streptomycin. MadinDarby bovine kidney (MDBK) cells were obtained from Vikram Misra (University of Saskatchewan) and were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% horse serum. Human osteosarcoma U2OS cells and human embryonic lung (HEL) cells were maintained in DMEM with 10% fetal bovine serum (FBS). 293 T cells were grown in DMEM with 10% FBS. Human lung carcinoma cells (A549; ATCC) were grown in ␣-minimal essential medium (␣-MEM) with 10% FBS. The human immortalized fibroblast cell lines MSU-1 and MSU-1.1 were maintained in Eagle's MEM with 10% FBS supplemented with sodium pyruvate (1 mM), L-serine (0.25 mM; Sigma), and L-aspartic acid (0.15 mM; Sigma). Cells within the National Cancer Institute (NCI) panel of 60 established human cancer cell lines were maintained in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% FBS.
Viruses. BHV-1 constructs expressing green fluorescent protein (GFP) under the control of an endogenous immediate early (IE) promoter were a kind gift from Guenther Keil (Friedrich Loeffler Institut, Germany). Viral stocks were propagated and titrated on MDBK cells, followed by sucrose cushion purification (23) . The oncolytic HSV-1 vector KM100 (ICP0   n212   VP16 in1814 ), expressing GFP under the control of an IE cytomegalovirus promoter, was propagated and titrated on U2OS cells. Stocks of this virus were also prepared by sucrose cushion purification (23) .
Measurement of virus replication and cytotoxicity. Cells were seeded into 96-well plates, and 1 day later, 90 to 95% confluent cell monolayers were infected with BHV-1 or KM100 at multiplicities of infection (MOIs) of 10, 5, 2.5, 1, and 0.5 on each half of the plate, respectively. Infection was carried out for 1 h at 37°C, after which a maintenance overlay of RPMI medium plus 1% FBS was applied. At 1 and 2 days postinfection (p.i.), plates were scanned on a Typhoon BioAnalyzer (GE Healthcare, Piscataway, NJ), and virus replication was quantified as a function of GFP fluorescence and expressed as a fold change over the background fluorescence. Minimum (1.00) and maximum (22.06) fold change values were set at dark blue and red, respectively. White represents median values. Virus replication fold change values of Ͻ1 were set to 1 for the heat map analysis. Cytotoxicity, in terms of decreases in cellular metabolism, was assessed at 2 days p.i. by using alamarBlue (5% [vol/vol]; Biosource, Carlsbad, CA). Cells were incubated for 30 min at 37°C, after which fluorescence was read by using a Safire fluorescence plate reader (Tecan, Mannedorf, Switzerland). Data were analyzed relative to data from uninfected controls, corrected for background fluorescence, and used to generate a heat map. Minimum and maximum levels of toxicity are represented by dark blue and red, respectively. White represents median values. At least three independent experiments were performed for each cell line.
Graphical analysis of NCI panel data. Comparisons of virus replication and cellular viability data were used to assess whether cell death of a particular cancer type correlates with high or low levels of viral replication. Partek Genomics Suite software (Partek Inc., St. Louis, MO) was used to generate box-and-whisker plots and to perform principal component analysis (PCA). Box-and-whisker plots were used to indicate the amount and distribution of variability in panel data. Data were grouped according to tissue origin and analyzed at an MOI of 0.5. PCA was used to visualize the correlation between virus replication, cellular metabolism, and membrane integrity. Each point represents the x, y, and z coordinates of each cell line within the multivariate data space. Data were analyzed at an MOI of 0.5.
Western blot analysis. Cells were mock infected or infected with BHV-1, and whole-cell lysates were collected at various times postinfection in whole-cell extract buffer (20 mM HEPES [pH 7.4], 100 mM NaCl, 10 mM ␤-glycerophosphate, 0.2% Triton X-100, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride [PMSF], 2 mM dithiothreitol [DTT], 1ϫ protease inhibitor cocktail [Sigma, St. Louis, MO]) and lysed on ice for 30 min. Lysates were centrifuged at 1,000 rpm for 10 min at 4°C, and the supernatants were collected. Protein was quantified by using a Bradford assay kit (Bio-Rad Laborato-ries, Mississauga, ON, Canada). Whole-cell extracts were boiled in sample buffer containing sodium dodecyl sulfate (SDS) and ␤-mercaptoethanol and run on a 10% polyacrylamide gel for bovine ICP0 (bICP0), a 12% polyacrylamide gel for E2F1, and a 15% polyacrylamide gel for KRAS knockdown/overexpression confirmation. Gels were transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA) with a wet transfer apparatus at 100 V for 1 h. All blots were blocked in 5% nonfat milk in Tris-buffered saline (TBS) at room temperature for 2 h. Blots were probed with primary antibodies specific for bICP0 (1:500; courtesy of Clinton Jones, University of Nebraska), E2F1 (1:500; Sigma, St. Louis, MO), or KRAS (1:1,000; Sigma) diluted in TBS-Tween (0.1%) overnight at 4°C. Blots were probed with an anti-rabbit (bICP0) or antimouse (E2F1 and KRAS) secondary antibody conjugated to horseradish peroxidase (HRP; Sigma), diluted 1:2,000 in 5% nonfat milk in 0.1% TBS-Tween. Blots were visualized by chemiluminescence.
Factors that dictate cellular sensitivity to BHV-1. NCI panel cell lines were divided into groups based on low (0 to 5,000 relative fluorescence units [RFU]), medium (5,000 to 20,000 RFU), and high (Ͼ20,000 RFU) levels of BHV-1 replication. The Sanger Institute COSMIC database was used to determine the mutations present in each cell line. The number of cell lines possessing each mutation in low-, medium-, and high-replication groups was graphed.
Overexpression of oncogenic KRAS in human tumor and normal primary cells. The human tumor cell lines COLO-205, NCI-H226, and BT-549 as well as the normal primary cell line HEL were included in KRAS overexpression studies. Activated KRAS effector mutant constructs were a generous gift from Patrick Lee (Dalhousie University). All overexpression plasmids are based on the pBABE-puro retrovirus backbone with activated KRAS generated through the introduction of an activating G12V mutation (40) . Cells were transduced with retroviral constructs to make stable cell lines for use in subsequent experiments. Specifically, 293 T cells were transfected with 2 g pVSV-G, 12 g pHITgag/pol, and 10.5 g pBABE vectors in Opti-MEM for 16 h. Retrovirus-containing supernatants were collected at 24 and 48 h posttransfection. Cell debris was pelleted by centrifugation at 1,000 rpm for 10 min, and supernatants were collected and subsequently filtered through a 0.45-m filter. Virus was flash-frozen and stored at Ϫ80°C until use.
Cell lines were infected with the retrovirus for 3 h at 37°C, after which a maintenance overlay of RPMI medium plus 5% FBS was applied. At 2 days p.i., cells were subjected to puromycin selection at 1.0 g/ml (COLO-205), 1.0 g/ml (NCI-H226), 1.5 g/ml (BT-549), and 1.0 g/ml (HEL). Western blot analysis was performed to verify KRAS overexpression.
Knockdown of KRAS in human tumor and HEL KRAS cells. To achieve knockdown of KRAS, a short hairpin RNA (shRNA) was made with the sequence 5=-CGATACAGCTAATTCAGAATC-3= (sense) (33) . The sense sequence was used to design the following forward and reverse oligonucleotides, respectively: 5=-CCGGCGATACAGCTAATTCAGAAT CCTCGAGGATTCTGAATTAGCTGTATCGTTTTTG-3=
(forward) and 5=-AATTCAAAAACGATACAGCTAATTCAGAATCCCGAGGATT CTGAATTAGCTGTATCG-3= (reverse).
Forward and reverse oligonucleotides were annealed by using 1ϫ annealing buffer (100 mM potassium acetate, 30 mM HEPES [pH 7.4], 2 mM magnesium acetate) and heated at 95°C for 5 min, followed by 30 min of incubation at 70°C. Oligonucleotides were phosphorylated by using T4 polynucleotide kinase and then purified via phenol chloroform extraction. The lentiviral vector pLKO-puro was digested with the EcoRI and AgeI restriction enzymes and ligated with the insert using T4 ligase. The plasmid was amplified on 2ϫ low-salt lysogeny broth (LB) agar plates containing 100 g/ml ampicillin. The following day, select colonies were inoculated into 2ϫ low-salt LB broth and incubated overnight at 37°C with shaking. Plasmid DNA was extracted by using the QiaPrep Miniprep Spin kit (Qiagen, Hilden, Germany). Clones were verified by sequencing.
293 T cells were cotransfected with 16 g of pLKO-shLUC, 8 g of pCMV.DR.8.91, 4 g of pVSV-G, and 48 l of Lipofectamine 2000 (Life Technologies, Carlsbad, CA) in Opti-MEM for 4 h, after which medium was changed to DMEM plus 10% FBS. The following day, medium was changed to DMEM plus 30% FBS, the supernatant virus was harvested 24 h later, and medium was replaced with DMEM plus 30% FBS for a second round of supernatant harvesting 24 h later. Cell debris present within the supernatant fraction was pelleted by centrifugation at 1,500 rpm for 5 min and subsequently filtered through a 0.45-m filter and a sterile syringe. Virus was pelleted by centrifugation at 25,000 rpm for 1.5 h, after which pellets were resuspended in serum-free DMEM.
Cell lines in the KRAS knockdown panel include HCT116, which has a G13D amino acid mutation, and A549, which has a G12S amino acid mutation (Sanger Institute, 2010). KRAS was also knocked down in HEL KRAS cells as a control. Cells were seeded into 6-well plates, and a day later, 60% confluent monolayers were infected with a lentivirus expressing shKRAS or control shLUC for 1 h at 37°C, after which a maintenance overlay of DMEM plus 5% FBS was applied. Medium was changed at 24 h p.i., followed by puromycin (Sigma) selection at 48 h p.i. using 2 g/l (A549), 1.5 g/l (HCT116), or 1.0 g/l (HEL KRAS ). Cells were maintained and split 2 days later to expand the population of survivor cells carrying the shKRAS or shLUC construct. Western blot analysis was used to confirm KRAS knockdown.
Viral burst. Cells were infected with BHV-1 at MOIs of 1, 3, 5, and 10. Viral supernatants and infected cells were collected at 1 and 2 days p.i. Samples were freeze-thawed three times prior to centrifugation at 1,000 rpm for 10 min at 4°C. The supernatant was collected and titrated by serial dilution in serum-free DMEM. Dilutions were applied onto 90 to 95% confluent monolayers of MDBK cells for 1 h at 37°C. MDBK monolayers were maintained in DMEM supplemented with 0.5% horse serum. At 2 days p.i., cells were scanned on a Typhoon BioAnalyzer (GE Healthcare), and PFU were counted.
Cytopathic effect assays. HEL, HEL empty , HEL KRAS , and HEL KRASshKRAS cells were mock infected or infected with BHV-1 at the indicated MOIs for 1 h at 37°C. Following viral adsorption, cells were maintained in DMEM plus 5% FBS. At 2 days p.i., cells were fixed with methanol and stained by using Giemsa to visualize cytopathic effects (CPEs).
RESULTS

BHV-1 replicates and reduces cytotoxicity in a wide range of human tumor cell lines.
To fully appreciate the oncolytic capacity of BHV-1, particularly in light of its unique properties (22, 23) , we screened the NCI panel of 59 established human tumor cell lines, comparing BHV-1 to our prototypic HSV-1 vector KM100. The capacities of BHV-1 and KM100 to initiate replication in and decrease the viability of the NCI panel were assessed.
Initiation of virus replication, as a function of GFP fluorescence, was analyzed as the fold change over background fluorescence and used to construct a heat map (Fig. 1) . GFP expression is not a measure of productive virus infection but was used to assess viral entry and the initiation of replication. For simplicity, we refer to the initiation of virus replication, as indicated by GFP fluorescence, as virus replication. Cellular toxicity, in terms of a reduction in cellular viability, was evaluated at 2 days p.i. and used to generate a heat map (Fig. 1) .
In general, NCI panel cell lines fall into five different categories: high levels of virus replication with significant decreases in cellular viability (category 1), low levels of virus replication with significant decreases in cellular viability (category 2), minimal to no virus replication with significant decreases in cellular viability (category 3), virus replication with no significant decrease in cellular viability (category 4), and no significant virus replication or decrease in cellular viability (category 5) (Tables 1 and 2) .
Overall, 95% of the panel cell lines supported some extent of BHV-1 replication (Fig. 1a) , with 72% having a corresponding increase in cytotoxicity, defined as a decrease in cellular viability assays of at least 20% at an MOI of 10 (Fig. 1a) . In reference, a decrease in cellular viability of 80% (MOI of 10) was observed for the U2OS cell line, a human osteosarcoma cell line which acts as a prototypic cell line in our screen, as it is highly permissive to BHV-1 infection (data not shown). Taken together, 22% (13/60) of the cell lines showed high-level BHV-1 replication and a corresponding decrease in cellular viability, 15% (9/60) showed low- . Virus replication as a function of GFP fluorescence was quantified at 2 days p.i. by using a Typhoon BioAnalyzer and is represented as the fold change over background fluorescence. Minimum (1.00) and maximum (22.06) fold change values were set at dark blue and red, respectively. White represents median values. Cellular toxicity, in terms of decreases in cellular metabolism, was quantified at 2 days p.i., as measured by using alamarBlue. Data were analyzed as the fold change over background values, and minimum and maximum fold change values were set at dark blue and red, respectively. White represents median values. Replication and cellular toxicity are arranged in order of increasing MOIs. At least three independent trials were completed for each cell line. CNS, central nervous system. level BHV-1 replication and a decrease in cellular viability, 35% (21/60) showed minimal or no replication and a decrease in cellular viability, 23% (14/60) showed replication but no effect on cellular viability, and, finally, 5% (3/60) showed no replication and no effect on cellular viability (Table 1) .
In contrast, the ability of KM100 to replicate and induce cytotoxicity in panel cell lines was markedly decreased in comparison to that of BHV-1 (Fig. 1b) . Only 3% (2/60) of cell lines showed high-level KM100 replication and a corresponding decrease in cellular viability, 15% (9/60) showed low-level KM100 replication and a decrease in cellular viability, 13% (8/60) showed minimal or no replication and a decrease in cellular viability, 63% (38/60) showed replication but no effect on cellular viability, and, finally, 5% (3/60) showed no replication and no effect on cellular viability (Fig. 1b and Table 2 ).
To ensure that GFP fluorescence is an accurate measure of the initiation of virus replication, SF-268 (category 1), T47D (category 3), and UACC-257 (category 5) cells were selected to study the expression of bICP0, an IE/early (E) gene that is required for efficient BHV-1 infection of bovine cells by acting as a transcriptional activator throughout productive infection (41, 42) . Expression of bICP0 was not detected in T47D and UACC-257 cells at any of the time points examined but was apparent in SF-268 cells, similar to the control permissive cell lines MDBK and U2OS (Fig.  2) . For category 5 cells, such as UACC-257 cells, it is possible that BHV-1 fails to bind and enter, or this process is inefficient. However, wild-type HSV-1, which uses similar receptors for viral entry as BHV-1, is able to initiate replication in this cell line (data not shown), suggesting that the blockade to replication may be downstream of entry.
Box-and-whisker plots were used to compare the distribution, variability, and median values of BHV-1 and KM100 data sets within each tissue type relative to virus replication and cytotoxicity. Box-and-whisker plots showed a large range of variability within leukemic cell lines with regard to BHV-1 and KM100 replication, while lung and colon cell lines possessed a large range in variability in cytotoxicity for both viruses (Fig. 3) . The median values for BHV-1 replication and cytotoxicity were higher than those for KM100. This indicates that BHV-1 is able to initiate replication and induce cytotoxicity at lower MOIs than KM100. PCA validated the box-and-whisker plot analysis (data not shown).
Knockdown of mutant KRAS decreases BHV-1 titers.
Knowledge of pathways that dictate the permissivity of human tumor cells to OVs allows more efficient targeting and aids in increased antitumor efficacy due to an improved understanding of hostvirus interactions. Data from our group indicate that BHV-1 oncolysis does not correlate with defects in type I IFN signaling (22) . Furthermore, BHV-1 is able to distinguish between normal and immortalized cell types (22) , suggesting that immortalization and cellular changes occurring during this process may confer sensitivity to BHV-1. However, mutations in TP53 and retinoblastoma (RB1) protein, which are commonly deregulated during immortalization, do not correlate with permissivity to BHV-1 (Fig. 4) .
NCI panel cell lines were divided into groups based on low, medium, and high levels of BHV-1 replication. The mutations present within each cell line were determined by using the Sanger Institute COSMIC database (http://cancer.sanger.ac.uk /cancergenome/projects/cosmic/). The incidence of each mutation in low-, medium-, and high-replication groups was quantified to determine which genes are differentially expressed between low-replication and high-replication cohorts. Only genes for a NCI panel cell lines were divided into five different categories: high-level virus replication (20,000ϩ RFU) with a significant decrease in cellular viability (minimum decrease of 20% at an MOI of 10) (category 1), low-level virus replication (5 to 20,000 RFU) with a significant decrease in cellular viability (category 2), minimal or no virus replication (0 to 5,000 RFU) with a significant decrease in cellular viability (category 3), virus replication with no significant decrease in cellular viability (category 4), and no significant virus replication or decrease in cellular viability (category 5). a NCI panel cell lines were divided into five different categories: high-level virus replication (20,000ϩ RFU) with a significant decrease in cellular viability (minimum decrease of 20% at an MOI of 10) (category 1), low-level virus replication (5 to 20,000 RFU) with a significant decrease in cellular viability (category 2), minimal or no virus replication (0 to 5,000 RFU) with a significant decrease in cellular viability (category 3), virus replication with no significant decrease in cellular viability (category 4), and no significant virus replication or decrease in cellular viability (category 5).
which a large difference was observed between low-and highreplication groups were explored. The results indicate that mutations in KRAS correlate with high levels of virus replication (Fig.  4) . Moreover, cancer types most commonly associated with KRAS mutations (e.g., lung and colon cancers) were highly permissive to BHV-1 (Fig. 1) . Ras proteins are the principal activators of multicomponent signaling cascades, with implications for cellular differentiation, proliferation, and apoptosis. Given the cellular processes controlled by Ras signaling cascades, it is not surprising that they are commonly mutated during immortalization and transformation (34) .
The impact of KRAS knockdown on BHV-1 replication in A549 (lung) (G12S) and HCT116 (colon) (G13D) cells, which express a constitutively active form of the protein (http://cancer .sanger.ac.uk/), was evaluated by using a lentiviral shRNA system. These cell types were selected as representatives of lung and colon cancer cells, tissue types which are commonly associated with KRAS mutations and are also highly permissive to BHV-1. Stable cell lines were generated by puromycin selection and maintained for subsequent experiments. KRAS knockdown was confirmed by Western blotting (Fig. 5a) . Assessment of the effects of KRAS knockdown on BHV-1 replication (Fig. 5b) and cellular viability was also used as a positive control, as it is a human tumor cell line which has been shown to be highly permissive to BHV-1. Asterisks indicate a nonspecific band.
FIG 3
Box-and-whisker plots of NCI panel data with BHV-1 and KM100. Box-and-whisker plots show BHV-1 (left) and KM100 (right) replication and cellular toxicity at an MOI of 0.5 for the NCI panel. Virus replication, as a function of GFP fluorescence, was quantified at 2 days p.i. by using a Typhoon BioAnalyzer and is represented as relative fluorescence units. Cellular toxicity, in terms of decreases in cellular metabolism, was quantified at 2 days p.i. by using alamarBlue. Box-and-whisker plots were generated by using Partek Genomics Suite software.
(data not shown) did not delineate differences between control and KRAS knockdown cell lines. However, when viral titers were examined, a decrease of 1 order of magnitude was observed at 1 day p.i. at MOIs of 1 and 3 between A549 shLUC and A549 shKRAS cells (Fig. 5c ). This effect was not present at MOIs of 5 and 10. Conversely, a decrease of approximately half an order of magnitude was observed at 2 days p.i. at each MOI (Fig. 5c) . Similar results were observed for HCT116 cells (data not shown).
The overexpression of oncogenic KRAS in COLO205, NCI-H226, and BT-549 cells, which express wild-type (wt) KRAS (http: //cancer.sanger.ac.uk/), was achieved by retroviral transduction with stable cell lines created through puromycin selection. However, differences in BHV-1 replication and cellular viability between control and KRAS overexpression cell lines were not detected (data not shown). This observation is not surprising, as these cell lines contain a plethora of mutations (http://cancer .sanger.ac.uk/) that likely make the addition of active KRAS redundant and its individual effect difficult to ascertain.
KRAS overexpression sensitizes normal primary cells to BHV-1 infection. Studies of the effects of oncogenic KRAS within the context of a normal primary cell type will allow determination of the effects of this single mutant protein on BHV-1 infection. To better address whether active KRAS confers enhanced sensitivity to BHV-1 infection, the nonimmortalized, nontransformed cell line HEL was transduced with a control retrovirus (empty) or a retrovirus expressing constitutively activated KRAS (G12V). Western blot analysis revealed that retrovirus transduction alone increases cellular levels of KRAS (Fig. 6a) . HEL, HEL empty , and HEL KRAS cells were subsequently infected with BHV-1 (Fig. 6b) . In comparison to wt HEL, for which CPE was observed at an MOI of 10 at 3 days p.i., almost complete destruction of HEL KRAS monolayers was present at an MOI of 2.5 at the same time point, with CPE being noticeable at an MOI of 0.5. Intermediate levels of CPE were apparent in the control cell line HEL empty , suggesting that the process of transduction itself or the resultant increase in endogenous KRAS expression levels predisposes these cells to BHV-1 infection. To confirm that the increase in sensitivity of HEL cells to BHV-1 infection is due to the overexpression of functionally active KRAS, KRAS was knocked down in HEL KRAS cells.
The results showed that CPE was apparent at an MOI of 10 in HEL KRASshKRAS cells, at levels similar to those seen in wt HEL cells. To evaluate whether KRAS overexpression increases permissivity of HEL cells to BHV-1, viral titers were determined at 1 and 2 days p.i. and compared between wt HEL, HEL empty , HEL KRAS , and HEL KRASshKRAS cells. At 1 day p.i., BHV-1 titers were 1 to 2 logs higher in HEL empty and HEL KRAS cells than in wt HEL cells, with little difference being observed between HEL empty and HEL KRAS cells (Fig. 6c) . However, at 2 days p.i., BHV-1 titers were significantly higher in HEL KRAS cells than in both wt HEL and HEL empty cells. Knockdown of KRAS in HEL KRASshKRAS cells significantly lowered BHV-1 titers. Control HEL KRASshLUC cells expressed the same level of KRAS as HEL KRAS cells and behaved in a similar fashion, as expected (data not shown). Together, these data suggest that overexpression of endogenous or mutant KRAS in HEL cells increases their permissivity to BHV-1 infection.
MSU-1.0 and MSU-1.1 are cell lines derived by sequential clonal selection of human foreskin fibroblast cells following the introduction of the v-myc oncogene, which is sufficient for immortalization but not transformation (43) . The MSU-1.1 cell line additionally possesses mutations in HRAS and KRAS (43) . How- ever, neither cell line is able to form tumors in athymic mice (43) . Therefore, these cell lines allow us to examine BHV-1 infection at early stages in the transformation process. An increase in permissivity to BHV-1 was observed for MSU-1.1 cells in comparison to MSU-1.0 cells, suggesting that cells that have incurred additional mutations at late stages of the immortalization process have an increased sensitivity to BHV-1 infection (data not shown).
KRAS overexpression increases the expression levels of E2F1 in normal primary cells. The BHV-1 IE/E protein bICP0 stimulates productive infection by inducing viral gene synthesis (42, 44) . Infection of MDBK cells with a bICP0-null virus results in a reduction in titers of approximately 100-fold (44) . The E2F family of transcriptional regulators has roles in cell proliferation, cell cycle progression, the activity of tumor suppressor proteins, and p53-dependent/independent apoptosis. A member of the E2F family, E2F1, binds and activates the bICP0 E promoter 100-fold in transient-transfection assays (45) . BHV-1 has also been shown to increase E2F1 protein levels during productive infection (46) . Conversely, knockdown of E2F1 has been shown to significantly reduce the efficacy of infection (46) . Mutations in KRAS have been shown to impact many cellular processes, including cell cycle progression (25-27, 47, 48) . To determine whether overexpression of activated KRAS elicits an increase in the E2F1 expression level, thereby enhancing BHV-1 infection, we examined basal E2F1 levels in the HEL series of cell lines. Western blot analysis showed a correlation between levels of KRAS (Fig. 6a) and those of E2F1 (Fig. 7) . Furthermore, small interfering RNA (siRNA)-mediated knockdown of E2F1 in the MCF7 cell line, a breast cancer cell line that is highly permissive to BHV-1 infection, reduced viral titers by approximately 3 orders of magnitude at all MOIs examined (data not shown). These data suggest a potential mechanism by which oncogenic KRAS enhances BHV-1 infection in human transformed and HEL KRAS cells.
DISCUSSION
The use of OVs to target and lyse cancer cells is a novel approach to cancer therapy that lacks the toxic side effects of many current cancer treatments. HSV-1 was the first virus used to demonstrate that a genetic mutation can render a virus oncolytic (5, 49, 50) . In fact, HSV-1 has been studied extensively as an OV. The safety of oncolytic HSV-1 at current maximum feasible doses has been demonstrated in phase I and II clinical trials (reviewed in reference 3). Although cross-priming and amplification of antitumor immunity have been demonstrated following intratracheal (i.t.) administration of oncolytic HSV-1 (51, 52) , systemic delivery will be required for the treatment of metastatic and minimal residual disease. However, the high incidence of preexisting immunity to HSV-1 may limit systemic delivery of the virus. To date, clinical trials have failed to demonstrate whether direct tumor lysis is required for patient responses. In fact, evidence suggests that direct tumor lysis may be linked to dose (53) , which could restrict the use of certain OVs due to manufacturing difficulties. These obstacles warrant the development of nonhuman viruses for OVT. Furthermore, the use of wt nonhuman viruses circumvents safety concerns regarding the risk of unexpected toxicities due to the use of genetically manipulated viruses (54) .
The results presented here indicate that BHV-1 is an OV with the ability to infect a large range of human tumor cell types and induce cytotoxicity at low MOIs in comparison to KM100, which has been well characterized for its in vivo and in vitro oncolytic capacity (10, 12) . While the majority of panel cell lines support both BHV-1 and KM100 replication, BHV-1 displays a more significant increase in virus replication over background levels at lower MOIs than does KM100, with a corresponding decrease in cellular viability. In the majority of cases where low-level/no BHV-1 replication was observed, decreases in cellular viability still occurred. Overwhelmingly, while 72% of panel cell lines screened with BHV-1 showed a decrease in cellular viability, only 32% showed a decrease with KM100 infection. Furthermore, 35% of the panel supported minimal/no BHV-1 replication; however, a decrease in cellular viability occurred. Together, these data suggest that BHV-1 holds potential as an OV possessing tropism for multiple cancer types and is able to induce cytotoxicity independent of significant virus replication.
We have previously reported that in the majority of human breast tumor cells studied, cellular death occurs in the absence of a viral burst (23) . Thus, although we did not measure viral burst on NCI panel cell lines, previous studies indicate that virus replication data are not predictive of cytotoxicity and cellular death from BHV-1 infection (23) . While these data suggest that a soluble cytotoxic factor may be responsible for cellular death, we have shown that supernatants from breast cancer cells infected with BHV-1 are unable to decrease the cellular viability of MDBK cells (23) . The mechanism by which BHV-1 elicits cellular death remains unknown; however, possible methods include epigenetic alterations and microRNA (miRNA) production (55-59; discussed in reference 23). Future studies will investigate these possibilities.
The ability of BHV-1 to infect and kill a large range of human tumor cell types suggests that a ubiquitous factor(s), pathway, or process is responsible for dictating cellular sensitivity to BHV-1. Panel screen data implicate a broader mechanism for the restriction of BHV-1 replication other than sensitivity to type I IFN signaling, unlike other species-specific viruses such as myxoma virus (MV), NDV, and VSV. Furthermore, the ability of BHV-1 to infect and kill human immortalized cells is exciting, as it suggests that the virus may be able to infect preneoplastic cells and therefore target developing lesions (22) .
The Ras family of proteins has pleiotropic roles in the cell, including mediation of PKR activity. Activated Ras inhibits autophosphorylation of PKR, blocking its downstream effects, including inhibition of viral protein synthesis by phosphorylating the ␣ subunit of eukaryotic initiation factor 2 (eIF2␣) (28) . Some viruses, such as HSV-1, have developed mechanisms to counteract the effects of PKR and thus productively infect cells without the aid of activated Ras. Other viruses, such as reovirus, rely on activated Ras in order to counteract the effects of PKR. BHV-1 does not encode a homologue of ICP34.5 and, like reovirus, may rely on oncogenic Ras to establish productive infection. Our data suggest that KRAS plays a role in dictating sensitivity to BHV-1 infection; however, it is not the sole factor in this process. While the effects of KRAS knockdown and overexpression on the sensitivity of human tumor cell lines to BHV-1 are variable, this observation is not surprising, as these cell lines contain a plethora of mutations, which may make the addition or knockdown of oncogenic KRAS insignificant. Most striking are the changes in permissivity of normal primary HEL cells to BHV-1 infection from KRAS overexpression. Unexpectedly, control retroviral transduction increased the sensitivity of HEL cells to BHV-1, likely due to a corresponding increase in endogenous KRAS levels. In fact, HEL empty cells were intermediate in terms of permissivity to BHV-1 relative to parental HEL and HEL KRAS cells in all assays performed. However, the HEL KRAS cell line was found to have an altered phenotype in comparison to wt HEL and HEL empty cells, adopting a spindlelike and elongated appearance (data not shown). Although activated KRAS is insufficient for transformation (43) , its ability to enhance BHV-1 replication is consistent with our previous observations that immortalized, but nontransformed, cells are permissive for infection (22) .
The intricacies of Ras signaling, including its role in multiple cell processes and multitude of downstream effectors, make comprehensive interrogation of this pathway difficult. Although, to our knowledge, a direct link between KRAS activity and E2F1 has not been established, it is not surprising that we observed increased E2F1 levels in HEL empty and HEL KRAS cells, as E2F1 levels correlate with the mitotic index of many cancer cells (60, 61) . Although E2F1 directly stimulates BHV-1 replication due to E2F1 binding sites within the bICP0 E promoter, it is likely that additional pathways and factors, activated directly or indirectly by KRAS, work in concert with E2F1 to render HEL empty and HEL KRAS cells permissive to infection by BHV-1. Further studies are required to unravel the relationship between KRAS, E2F1, immortalization, and cellular permissivity to BHV-1. Although KRAS is not the only factor that dictates permissivity to BHV-1, an understanding of the relationship between KRAS and BHV-1 activity has clinical relevance, particularly in lung cancer, given that KRAS mutations are predictive of poor response rates to lung cancer therapy (62) (63) (64) (65) . By understanding the factors that govern permissivity (or lack thereof) of human cells to nonhuman viruses, important insights into the evolution of host antiviral mechanisms are gained, which can ultimately be exploited for the development of novel therapeutics.
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